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Clinical mitochondrial genetics
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The last decade has been an age of enlighten-
ment as far as mitochondrial pathology is con-
cerned. Well established nuclear genetic dis-
eases, such as Friedreich’s ataxia,’ > Wilson
disease,” and autosomal recessive hereditary
spastic paraplegia,* have been shown to have a
mitochondrial basis, and we are just starting to
unravel the complex nuclear genetic disorders
which directly cause mitochondrial dysfunc-
tion (table 1). However, in addition to the 3
billion base pair nuclear genome, each human
cell typically contains thousands of copies of a
small, 16.5 kb circular molecule of double
stranded DNA (fig 1). Mitochondrial DNA
(mtDNA) accounts for only 1% of the total
cellular nucleic acid content. It encodes for 13
polypeptides which are essential for aerobic
metabolism and defects of the mitochondrial
genome are an important cause of human
disease.” ” Since the characterisation of the
first pathogenic mtDNA defects in 1988,
over 50 point mutations and well over 100
rearrangements of the mitochondrial genome
have been associated with human disease™
(http://www.gen.emory.edu/mitomap.html).
These disorders form the focus of this article.
(¥ Med Gener 1999;36:425-436)
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Many mtDNA diseases present with neurologi-
cal symptoms and signs, but the clinical
features are often non-specific and diffuse, and
mitochondrial diseases have frequently been
misdiagnosed when only clinical abnormalities
are considered. MtDNA defects may present to
physicians in any specialty and many of these
disorders appear to be sporadic. It is precisely
because of the diverse clinical features associ-
ated with pathogenic mtDNA defects that, not
unreasonably, mitochondrial disease enters the
differential diagnosis of so many conditions.*
This marked clinical heterogeneity creates dif-
ficulties for the clinician. Unlike nuclear
genetic defects, which can often be diagnosed
with a simple blood test, the investigation of
mitochondrial disease is far more complex, and
molecular genetic studies play only one part in
the multidisciplinary approach that should be
used for these patients.”’

This articles focuses on three fundamental
questions of clinical mitochondrial genetics.
(1) When should we look for mitochondrial

disease? (2) How should we investigate patients
with suspected mitochondrial disease? (3) How
should we manage patients with mtDNA
disease?

The clinical features of mtDNA disease
Patients with mtDNA disease fall into three
main categories. In the minority of cases, it is
relatively straightforward to identify that a
clinical syndrome involves mitochondrial dys-
function and these constitute the first category.
Classically, patients with MELAS (Mitochon-
drial Encephalomyopathy with Lactic Acidosis
and Stroke-like episodes) proceed through
their normal motor and cognitive milestones
but their stature usually remains short. They
often develop bilateral deafness in their late
childhood or teenage years, and they present
with diabetes, seizures, stroke-like episodes,
and an encephalopathy in their third or fourth
decade.” Not all MELAS patients, however, fit
this pattern and diabetes and deafness may be
the only features,” and a cardiomyopathy may
be missed.'” As another example, patients with
Leber Hereditary Optic Neuropathy (LHON)
are more commonly male, and they usually
present in their second or third decade with
acute or subacute bilateral visual failure, which
may recover to some degree in the following
months.'” Although these presentations are
“classical”, it cannot be stressed too heavily
that mtDNA diseases are phenotypically di-
verse. Thus, the first feature of MELAS may be
a stroke-like episode in late middle age,'” '
and LHON may present in the seventh decade
or it may have an atypically insidious onset.'™*
There are other “classical” mitochondrial
disorders. External ophthalmoplegia is a rela-
tively common feature of patients with a mito-
chondrial encephalomyopathy.” This abnor-
mality may present in the second decade in
association with ataxia, bilateral deafness, a
cardiac conduction defect (fig 2), and high
CSF protein (as in Kearns-Sayre syndrome,
fig 3). More often, it occurs in isolation or
with ptosis and a mild proximal myopathy
(CPEO, or Chronic Progressive FExternal
Ophthalmoplegia).® Two other syndromes war-
rant a mention, a neuropathy with ataxia and a
pigmentary retinopathy and ataxia is suggestive
of NARP (Neurogenic weakness Ataxia with
Retinitis Pigmentosa),” and myoclonic epi-
lepsy with ataxia and a myopathy are promi-
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Table 1  Mitochondrial respiratory chain diseases

(A) Primary mitochondrial DNA mutations

(1) Rearrangements

(a) Single deletions

CPEO (MIM 165130)° ¢

Kearns-Sayre syndrome (MIM 165100)’
Pearson syndrome®

Diabetes and deafness’

(b) Multiple deletions
Encephalomyopathy'®
Recurrent myoglobinuria'!
SANDO"

(2) Point mutations

(a) Missense mutations (coding region)
LHON (MIM 535000)
G11778A ND5"
G3460A ND1"
T14484C ND6"
Optic atrophy and dystonia
A11696G ND4'*
G14459A ND6'""
T14596A ND6'
MELAS
T9957C COX III'®
G13515A ND5"
Encephalomyopathy and myopathy
G9952A COX III*°
NARP/Leigh disease/striatal necrosis
T3308C ND1*
T8851C ATPase6>
T8993G/C ATPase6> **
T9176C ATPase6” *

(b) Transfer RNA gene
MELAS (MIM 251910)
G1642A tRNAY 7
A3 2436 tRNAl/eu(UUR) 28
A3252G tRNAM VWD 20
A3260G tRNALcu(UUR) 30
T327 1 C tRNAL::u(UUR) 31
T3291C tRNAMuUUR 32
A5814G tRNA™
MERRF (MIM 254775)
A8344G tRNA™ **
T8356C tRNA™"
G8363 tRNAM: >
MERRF/MELAS overlap
T7521C tRNASUN 37
T8356C tRNA™* *
Diabetes and deafness
A3243G tRNAM VR »
T12258 AtRNASrAGY 10
Cardiomyopathy
A3243G tRNAM VR ¢
A3254G tRNALeu(UUR) 42
ABZéOG tRNAlA:u(UUR) 43
C3303T tRNAMUUR) 44
A4269G tRNA™ *
A4295G tRNAM: *
A4300G tRNA"™ ¥
C4320T tRNA" *
G8363A tRNA™ ¥
T9977C tRNA >
CPEO
A3243G tRNAX VIR 51
A325 1 G tRNAlxu(UUR) 52
C3256T tRNAMVR) 52
T4274C tRNA"™ >
T4285C tRNA"™ >
G4298A tRNA" *
A5692G tRNA" 7
G5703A tRNAM >
T12311C tRNAMH(CUN 58
G12315A tRNAKu(CUN 5
Pure myopathy
A606G tRNA™
A3243G tRNAM VR 51
T3250C tRNAMVUR 61
A33OZG tRNAlA:u(UUR) 62
T4409C tRNAM ¢
G5521A tRNA™ ¢
A8344G tRNAM **
A12330G tRNAXCUN 63
C15990T tRNAF™ %
Myopathy and diabetes
A14709G tRNA™ 7
Encephalomyopathy
G1606A tRNAY ¢
T10010C tRNA™ @
G15915A tRNA™ ™
Dementia and chorea
G5549A tRNA™ ™!
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Gastrointestinal dysmotility
A3243G tRNAM TR 72
G8313A tRNA™ ™
Leigh syndrome
G1644T tRNA™ ™
Non-syndromic deafness
A7455G tRNASer(UCN) 75
Acquired sideroblastic anaemia
G12301A tRNAMXCUN 76
(c) Ribosomal RNA gene
Non-syndromic/aminoglycoside induced deafness
G1555A 128 rRNA”
(B) Nuclear gene mutations
(1) Nuclear gene defects indirectly affecting mitochondrial
function through mtDNA
Autosomal dominant CPEO with multiple mtDNA
deletions (10923.3-q24.3; 3p14.1-21.2)" ™
Mitochondrial neurogastrointestinal encephalomyopathy
(thymidine phosphorylase deficiency — mutations in
thymidine phosphorylase gene 22q13.32-qter)*
(2) Nuclear genetic disorders of the mitochondrial
respiratory chain
Multisystem disease (complex I deficiency — mutations in
AQDQ subunit on chr 5)*
Leigh syndrome (complex I deficiency — mutations in
NDUFS8 subunit)*
Optic atrophy and ataxia (complex II deficiency —
mutations in Fp subunit of SDH on chr 3)®
Leigh syndrome (complex II deficiency — mutations in
Fp subunit of SDH on chr 3)*
Leigh syndrome (complex IV deficiency — mutations in
SURF I gene 9q1)™ ®¢
Benign infantile myopathy with COX deficiency®
Fatal infantile myopathy with COX deficiency®®

nent features of MERRF (Myoclonic Epilepsy
with Ragged Red Fibres).*

The second group of patients includes those
who have a constellation of clinical features
which are highly suggestive of mitochondrial
disease, but who do not neatly fall into a
specific syndrome category (table 2). Thus,
short stature in association with bilateral
sensorineural deafness, ophthalmoplegia with
ptosis, or a history of migraine and diabetes are
three clinical presentations that suggest a mito-
chondrial aetiology. A meticulous neurological
examination is essential in all patients with sus-
pected mitochondrial disease. The combina-
tion of any of the above features with clinical
evidence of a myopathy and central neurologi-
cal signs places a mtDNA defect high on the
list of differential diagnoses. However, mtDNA
disease may mimic other inherited neurological
disorders, and patients with mtDNA defects
often undergo numerous autosomal genetic
tests before the correct diagnosis is made. For
example, mitochondrial disease may present as
a spinocerebellar syndrome'* and a mtDNA
defect should be considered in patients who
test negative for the known spinocerebellar
ataxia (SCA) mutations (particularly if they
have an ophthalmoplegia and if there are no
documented paternal transmissions). Focal'*
or generalised* dystonia with optic atrophy
may be confused with the early stages of Hunt-
ington’s disease. Usher syndrome (pigmentary
retinopathy with deafness) shares clinical
features with mtDNA disease'” and patients
with mtDNA defects may present with a motor
and sensory neuropathy similar to Charcot-
Marie-Tooth disease.'* Finally, we have seen a
number of patients who were intially diagnosed
as “congenital myasthenia”. This list of
“missed” diagnoses of mitochondrial diseases
is by no means complete, but it serves to illus-
trate the daunting scope of the situation that
confronts the clinician.
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Figure 1  The mitochondrial genome and basic mitochondrial genetics. Human
mitochondrial DNA (mtDNA) is a 16.569 bp circle of double stranded DNA that
encodes 13 essential respiratory chain protein subunits. The ND1-ND6 and the ND4L
genes encode seven complex I subunits (NADH-ubiquinone oxidoreductase), the CYTb
gene encodes one complex III subunit (ubiquinol-cytochrome c oxidase oxidoreductase),
the COX I to COX III genes encode three complex IV subunits (cytochrome c oxidase),
and the ATPase6 and ATPase8 genes encode for complex V subunits (ATP synthase).
Interspaced berween the protein encoding genes are two ribosomal RNA genes (128 and
168 rRNA), and 22 transfer RNA genes that provide the necessary RNA components for
the mitochondrial translation machinery. The protein subunits of the mitochondrial
ribosomes are encoded by nuclear genes. The 1.1 kb non-coding region (called the
displacement loop or D loop) is important for the generation of m:DNA transcripts and
the replication of mtDNA. O, is the origin of heavy (outer) strand replication, O, is the
origin of light (inner) strand replication. MtDNA differs from nuclear DNA in a number
of ways. (1) Each mononuclear human cell contains between 1000 and 100 000 copies of
mtDNA. (2) MtDNA molecules very rarely, if ever, undergo intramolecular
recombination. (3) The mitochondrial matrix is rich in mutagens that are generated
during electron transfer and oxidative phosphorylation, but mtDNA is not protected by
histones, and mitochondria are relatively deficient in DNA repair mechanisms, As a result,
mtDNA accumulates mutations at a much faster rate than nuclear DNA. Mitochondrial
diseases may result from either mutations of mtDNA or nuclear DNA. Despite the
complexities of the mitochondrial genome, its small size makes it amenable to molecular
genetic analysis. As a result, over 100 different mtDNA rearrangements and over 50
mtDNA point mutarions have been associated with disease. The map position of mtDNA
mutations is designated with reference to the L strand of the Cambridge reference
sequence.” Because the tRNA genes are interspersed throughout the genome, mtDNA
deletions usually involve a tRNA gene, resulting in a protein translation defect, and
causing Kearns-Sayre syndrome, chronic progressive external ophthalmoplegia, or diabetes
and deafness (table 1). Point mutations may affect protein coding genes (missense),
ribosomal genes, or tRNA genes. Missense mutations may be homoplasmic (all of the
mtDNA molecules within the cell are mutated and identical) , and cause disorders such as
Leber hereditary optic neuropathy (LHON), or neurogenic weakness with ataxia and
pigmentary retinopathy through a direct effect on the protein encoding gene. Mutations
which involve tRNA genes alter mitochondrial function through a number of different
mechanisms that include abnormal transcription” and abnormal translation.”” These
mutations result in a wide variety of disorders such as mitochondrial encephalomyopathy
with lactic acidosis and stroke-like episodes (MELAS), or myoclonic epilepsy with ragged
red fibres (M ERRE). Patients who harbour these mutations usually have a mixture of
mutated and normal mtDNA (heteroplasmy). In vitro studies have shown that a
biochemical defect of mitochondrial function is only expressed when a critical percentage
level of mutated mtDNA is exceeded. This threshold varies from tissue to tissue and is, in
part, related to the dependence of a particular organ upon oxidative metabolism. This
variability, coupled with differences in the percentage level of mutated mtDNA within
subjects, contributes to the phenotypic variability which is characteristic of mitochondrial
tRNA gene disorders. Nuclear gene defects are a major cause of mitochondrial disease,
accounting for up to 30% of adult cases and an even higher proportion of paediatric cases.
In the majoriry of subjects, a nuclear gene defect is inferred, whether because of the pattern
of respiratory chain involvement, or the distribution of the mitochondrial defect in single
muscle fibres. However, nuclear gene mutations have recently been identified in patients
with Leigh syndrome resulting from complex I and complex IV deficiency, and point
mutations in the succinate dehydrogenase gene cause autosomal dominant optic atrophy
and ataxia.
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The last of the three main groups is the most
difficult to define. Clinicians are seeing an
increasing number of patients who are referred
with unexplained symptoms and signs who,
surprisingly, turn out to have mtDNA disease
(table 2). As one example, mtDNA defects
cause a small, but significant proportion of
strokes in the very young.'**'*" Furthermore,
mitochondrial diseases often have a non-
neurological presentation, with features such as
a hypertrophic cardiomyopathy*" ** ** ' ¢ and
renal tubular disease.”™ ' '** ° Endocrine ab-
normalities are common and hypopara-
thyroidism,” '*' ' ' adrenal insufficiency,"” '
and diabetes” have also been widely
documented."” In fact, between 0.5 and 1% of
diabetics harbour a causative mtDNA
mutation™ and even this prevalence is prob-
ably an underestimate because the total
number of mtDNA mutations that can cause
diabetes is not known. Gastrointestinal abnor-
malities are also common in mitochondrial
patients, although they rarely volunteer this
information spontaneously.”® Recurrent vomit-
ing has been mistaken for anorexia nervosa and
a gastrectomy was carried out before the
correct mitochondrial aetiology was
established.” *** Mitochondrial dysphagia may
lead to a percutaneous gastrostomy before the
age of 20°° and both constipation and diarrhoea
are also common. It is unclear at present
whether these features result from a visceral
myopathy or a myenteric plexus neuropathy.

Although deafness is a common feature of
mtDNA disease, one particular mutation
deserves a special mention. In a large study of
70 Spanish families with deafness, 27% were
found to harbour a homoplasmic point muta-
tion at mtDNA nucleotide 1555. This muta-
tion was associated with both congenital and
late onset deafness, and the penetrance was
enhanced by exposure to aminoglycosides.'”
The identification of this mutation should
make it possible to prevent, or at least to delay,
the onset of deafness in susceptible subjects by
avoiding exposure to aminoglycosides. This
problem is potentially of major importance,
particularly in countries where streptomycin is
frequently used in the treatment of
tuberculosis."”

The list of clinical features associated with
mtDNA defects is seemingly endless. How
then should we approach the problem in the
general genetics clinic? It is sometimes possible
to elicit a maternal family history, but unfortu-
nately this is often not the case. A history of
recurrent spontaneous abortion and early neo-
natal death is not uncommon in pedigrees of
mtDNA disease, but even with an extended
geneaology, mitochondrial inheritance may be
confused with dominant, recessive, or sex
linked inheritance.'® Taking a family history is
made all the more difficult when we consider
the relatively non-specific features of some
mitochondrial diseases. How many families
have relatives with diabetes, strokes, heart dis-
ease, and migraine? From a practical point of
view, it is sensible to consider a mitochondrial
aetiology in any case of multisystem disease,
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Figure 2 Twelve lead electrocardiogram from a patient with Kearns-Sayre syndrome showing the broad QRS complexes of
bifasicular block (right bundle branch block with left anterior fasicular block).

particularly if it involves the central nervous
system.

In our experience, the overt presentation of
mitochondrial disease is less common in
children than in adults and it may be quite dif-
ferent. In the neonatal period, mitochondrial
disease can present as a metabolic encepha-
lopathy with hepatic and cardiac failure, as well
as an associated lactic acidosis.””” Most of these
babies die, but it is essential to make an accu-
rate diagnosis because this presentation may
mimic X linked pyruvate dehydrogenase com-
plex (PDC) deficiency, or a potentially treat-
able metabolic disease such as biotinidase defi-
ciency. More accurate diagnosis of a

Figure 3 Kearns-Sayre syndrome. Note the bilateral
ptosis, myopathic facies, and the hearing aid. (Photograph
reproduced with permission.)

mitochondrial aetiology should thus enable
genetic counselling and prenatal diagnosis."*
Older children may present with an encepha-
lopathy (seizures and coma), prominent brain
stem signs (bizarre eye movements and ataxia),
and extrapyramidal disease (dystonia and cho-
rea) suggestive of Leigh syndrome (also called
subacute necrotising encephalopathy). These

Table 2 Chinical features of mitochondrial disease

Neuromuscular (for review see ref 97)
External ophthalmoplegia and ptosis® ’
Sensorineural deafness'® '
Myopathy’!
Migraine'” 1%
Seizures/myoclonus
Encephalomyopathy
Dementia™ '
Ataxia'"?

Stroke-like episodes'"?
Parkinsonism/dystonia''*
Spastic paraparesis''®
Peripheral neuropathy
Rhabdomyolysis®
Optic atrophy'®
Pigmentary retinopathy

Cardiac
Hypertrophic cardiomyopathy*
Accessory pathways''” ''®
Heart block'”®

Endocrine
Diabetes mellitus
Hypoparathyroidism
Hypogonadism'**
Infertility'®

Gastrointestinal
Dysphagia®®
Cyclical vomiting
Pseudo-obstruction

Renal
Aminoaciduria'®
Renal tubular dysfunction'*®
Tubulointerstitial disease'’!
Toni-Fanconi-Debre syndrome
Barrter syndrome'**

Haematological
Sideroblastic anaemia'®®
Pancytopenia'®

Pancreas and liver
Exocrine pancreatic failure'*
Hepatocellular failure'*’

Pyschiatric
Depression
Psychotic illness'*

Dermatological
Lipomatosis'*'

109 110
28 111

116

109

99 120
121122123

72 126
127 128

132 133

138 139
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Figure 4 CT scan of the brain showing bilateral basal
ganglia calcification in a patient harbouring the A3243G
(MELAS) mutation.

children often have characteristic neuroimag-
ing on CT, with hypodensities within the basal

ganglia.'" Leigh syndrome may result from a
nuclear gene defect (usually autosomal
recessive® ¥ ¥ *) but occasionally X linked

PDC deficiency" or a mtDNA defect (a point
mutation in the mitochondrial ATPase6
gene).” * Children with mitochondrial dis-
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ease may also present with sideroblastic
anaemia, pancytopenia, and exocrine pancre-
atic failure (Pearson syndrome).”” Finally,
children with mtDNA defects may present with
non-specific features such as failure to thrive
and developmental delay. It is often difficult to
decide when to investigate these patients, and
because the most revealing investigations are
invasive, other treatable causes should be ruled
out before embarking on a series of investiga-
tions for mtDNA disease.

The investigation of suspected
mitochondrial DNA disease

Mitochondrial medicine is a “young”, but
increasingly important clinical specialty. The
biochemical and molecular genetic tests help to
confirm the clinical diagnosis. It would be both
inappropriate and potentially misleading to
send samples for mtDNA analysis as part of a
diagnostic “fishing exercise”, because the same
phenotype can be caused by many different
mutations. As one example, at least 11 different
pathogenic mutations have been identified in
the mitochondrial tRNA**V"® gene, several of
which cause MELAS. It is important, there-
fore, to follow a structured investigatory
pathway that is driven by the family history and
the findings from clinical examination (fig 5).
The investigations fall into two main groups:
general investigations that are used to accumu-
late evidence of the pattern and nature of the
different organs involved in mitochondrial dis-
ease, and specific investigations that seek
biochemical/molecular genetic evidence of a
mitochondrial abnormality.

GENERAL CLINICAL INVESTIGATIONS
MtDNA disease is often considered after many
other diagnoses have been excluded. For this

CLINICAL INVESTIGATIONS

*Urine (organic and amino acids)
«CSF (protein, lactate)
« CXR, ECG +/~ECHO
*EEG/EMG
*CT/MRI

*Blood (creatine kinase, lactate, glucose)

|

eg. MELAS, MERRF, and LHON

Specific point mutation syndrome?

PCR/RFLP analysis of blood

ﬂ, for known mutations

JNO

| NEEDLE MUSCLE BIOPSY |

-

HISTOCHEMISTRY

‘AATIVE

Rearrangements

MtDNA automated sequencing

MOLECULAR GENETIC ANALYSIS

PCR/RFLP for common point mutations

RESPIRATORY CHAIN STUDIES

Figure 5 The investigation of mitochondrial DNA disease.
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reason, patients have usually had many general
diagnostic tests by the time they are seen by a
specialist. It is essential to assess cardiac func-
tion (ECG and echocardiography) and to carry
out an oral glucose tolerance test because of the
high prevalence of cardiac complications and
diabetes in patients with mtDNA disease.
Patients with a mitochondrial respiratory chain
defect sometimes, but not exclusively, have a
raised blood lactate level.'"" As far as mitochon-
drial disease goes, therefore, this test is neither
specific nor sensitive. There are many causes of
a blood lactic acidosis, and many patients with
mtDNA defects have a normal blood lactate
(particularly when presenting as adults). A
raised CSF lactate is a more specific test for
mitochondrial disease, if there is central neuro-
logical involvement, although many non-
mitochondrial neurological conditions result in
a CSF lactic acidosis (for example, seizures,
migraine, thromboembolic stroke). The serum
creatine kinase may be raised, but it is often
normal,'"! even when the patient has a proximal
myopathy. Urine organic and amino acids may
also be abnormal in patients with mitochon-
drial dysfunction.'” Every patient with seizures
or cognitive decline should have an electroen-
cephalogram (EEG) which may show evidence
of seizure activity or diffuse slow waves sugges-
tive of a subacute encephalopathy. They should
also have a brain CT scan, which may show
calcified basal ganglia (fig 4) or bilateral
hypodensities and atrophy, which are valuable
diagnostic  indicators of mitochondrial
disease.””” MRI may also be indicated, particu-
larly in a patient with brain stem signs or
stroke-like episodes. The abnormalities are
often non-specific (cerebral and cerebellar
atrophy),'® '*" but they can be indicative of a
mtDNA defect.'*”

SPECIFIC INVESTIGATIONS: HISTOCHEMISTRY,
BIOCHEMISTRY, AND MOLECULAR GENETICS

A basic understanding of mitochondrial genet-
ics is essential for the physician who is investi-
gating a patient with suspected mtDNA disease
(fig 1). Each human cell contains between
1000 and 100 000 copies of mtDNA. The vast
majority of these molecules are identical
(homoplasmy) in healthy subjects. Pathogenic
mtDNA mutations fall into two groups:
rearrangements (deletions and duplications)
and point mutations. Patients with pathogenic
mtDNA defects usually harbour a mixture of
mutated and wild type molecules within each
cell (heteroplasmy).” At the cellular level, the
proportion of mutated mtDNA (mutation
load) determines phenotypic expression, be-
cause the load must exceed a critical threshold
level before the cell develops a biochemical
defect of the respiratory chain (typically >85%
mutated mtDNA).'” Part of the clinical
variability associated with a particular mtDNA
mutation can be attributed to differences in the
overall mutation load among people.''” '
However, the level of heteroplasmy not only
varies between people, but it also varies within
them. Therefore, unlike nuclear genetic defects
which are present within every cell (with the
notable, but rare exception of somatic mosai-
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cism), the amount of mutant mtDNA varies
from cell to cell and from organ to organ. This
complexity provides a further explanation for
the diversity of mtDNA diseases, but it can also
make the investigation of these patients par-
ticularly difficult.

For some mitochondrial diseases, it is possi-
ble to obtain an accurate diagnosis with a sim-
ple molecular genetic screen (fig 5). For exam-
ple, 95% of patients with LHON harbour one
of three mtDNA point mutations (A11778G,"”
A3460G,'” and T14484C of the mtDNA L
strand"’).'* These patients have very high levels
of mutated mtDNA in blood, and it is therefore
appropriate to send blood for molecular
genetic analysis by PCR/RFLP analysis. Simi-
larly, the level of mutated mtDNA in blood is
very high for most MERRF patients who
harbour a point mutation in the lysine tRNA
gene at position 8344 and, again, the diagnosis
can be made from a blood sample.'” In
contrast, patients with the A3243G MELAS
mutation often have low levels of mutated
mtDNA in blood. As a result, it can be
estimated that at least 1 in 20 MELAS patients
will be missed by the conventional PCR/RFLP
approach.'” The mtDNA deletions that cause
CPEO and the Kearns-Sayre syndrome are
also usually not detectable in blood. The
results of such simple mtDNA genetic screens,
therefore, must be interpreted with extreme
caution. If clinical suspicion was strong enough
to warrant the blood test, then patients with a
negative result should be investigated further.
This usually involves a skeletal muscle biopsy
(fig 5). To the unfamiliar, this procedure may
seem excessively invasive, particularly if the
symptoms and signs are minor. However, nee-
dle biopsy is relatively benign and we routinely
perform this procedure under local anaesthetic
on the neurology ward. The procedure takes
approximately 45 minutes from start to finish,
is extremely well tolerated, and without major
complication (in over 400 biopsies over the last
two years).

The analysis of muscle forms the corner-
stone of the investigation of patients with
suspected mitochondrial disease. Histochemi-
cal analysis may show subsarcolemmal accu-
mulations of mitochondria (so called ragged
red fibres or RRFs). However, these RRFs are
a relatively non-specific finding, because they
are seen in a variety of muscle diseases''” and in
muscle taken from healthy athletes. Similarly,
electron microscopy may show abnormal
mitochondria with paracrystalline inclusions
but these are also relatively non-specific.'*® In
contrast, muscle histochemistry may also show
cytochrome ¢ oxidase (COX, complex IV)
deficient fibres which indicate mitochondrial
dysfunction. Respiratory chain complex assays
may also show a deficiency.'” Either of these
two abnormalities confirm that a patient has
mitochondrial disease, and the pattern of the
abnormality provides an invaluable guide to
the molecular geneticist for additional analyses.

The mitochondrial respiratory chain has an
unusual genetic composition (fig 1). Thirteen
essential polypeptides are synthesised from
genes within the mitochondrion itself, but the
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majority of polypeptides are synthesised within
the cytosol from nuclear gene transcripts. Res-
piratory chain complexes I, ITI, IV, and the AT
synthase (complex V) contain both nuclear and
mitochondrial subunits, but complex II has a
purely nuclear origin. This means that patients
with a pure complex II defect must have a
nuclear gene defect,” but patients who have
single complex defects that affect I, III, or IV
may have a gene defect in either the mitochon-
drial or the nuclear genome. Adults with mito-
chondrial disease often have multiple deficien-
cies in respiratory chain complexes. This
finding suggests a more global defect in
mitochondrial biogenesis, which is often the
result of a mutation involving a mitochondrial
transfer RNA gene (fig 1). Further evidence of
mtDNA tRNA defect can be gleaned from the
histochemistry. Because the level of mutant
mtDNA varies from cell to cell (see above), it is
often possible to see a mosaic pattern of activ-
ity in skeletal muscle, with some fibres positive
and some fibres negative for cytochrome ¢ oxi-
dase (COX, complex IV) in these patients.

Southern blotting of genomic DNA, ex-
tracted from skeletal muscle, with a range of
restriction enzymes will identify duplications
and deletions of mtDNA. Common point
mutations should be screened by PCR/RFLP
followed, as indicated, by direct sequencing of
the entire mitochondrial genome. If a hetero-
plasmic rearrangement, or a recognised patho-
genic point mutation is identified, molecular
genetic diagnosis is relatively straightforward.
Of the 150 patients who we have investigated
for possible mitochondrial disease over the last
10 years, a positive finding has been possible in
46% of these cases. However, investigation of
the large remainder remains a challenge, and
how one should investigate these cases will be
the focus of a second article.

Management of patients with mtDNA
disease

Although we cannot cure patients with
mtDNA disease, optimal management can
have a major impact on the level of morbidity
and premature death. In broad terms, current
management can be divided into three groups:
(1) counselling, (2) supportive therapy, and (3)
pharmacological therapy. We will then discuss
some of the novel treatment strategies which
are currently under development and provide
some hope for the future.

What does a mtDNA mutation mean for a
person?

PROGNOSIS

Clinical and genetic variability are the hall-
marks of mtDNA disease. For example,
although the A3243G MELAS mutation is
found in asymptomatic relatives, it can cause a
mild phenotype, such as sensorineural deafness
with diabetes, or alternatively it can cause a
severe encephalopathy with death at a young
age. Because the level of mutant mtDNA
determines whether the genetic defect is
expressed at the level of the cell, it seems
axiomatic that there should be a simple
relationship between mutation load and clini-
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cal disease. It is only recently, however, that
there have been sufficient cumulative data to
permit analysis. In a recent study of over 150
patients with the A3243G (MELAS) and
A8344G (MERRF) mutations, the level of
mutant mtDNA in skeletal muscle was highly
correlated with the frequency of the major
neurological features associated with each
mutation.'” In contrast, however, the clinical
features were not related to the level of mutant
mtDNA in blood. It appears that, in these
patients, high levels of mutant mtDNA are
found in postmitotic (non-dividing) tissues
such as muscle and neurones, whereas lower
levels are found in rapidly dividing tissues such
as blood (which remains unaffected clinically).
Thus, at least for MELAS and MERRF, the
level of mutant mtDNA in a patient’s muscle
may give a reasonable guide to prognosis.
However, any prognostic advice must be given
with caution because the level of mutant
mtDNA in muscle may increase® or decrease'™
with time.

PRESYMPTOMATIC TESTING

Over the last few years, we have analysed a
number of extended pedigrees that transmit
pathogenic mtDNA mutations. As one conse-
quence of these studies, a number of unaf-
fected adult relatives have sought advice about
their own prognosis. Because of potential
longitudinal changes of mutation load over
time, this is a difficult issue. Nonetheless, the
available data suggest that, at least for the
A3243G and A8344G mutations, the level of
mutant mtDNA in muscle may provide a guide
to the future. This information must be given
with extreme caution, because nuclear genetic
and environmental factors may influence the
expression of a mtDNA defect.'”" ' For these
reasons, it is sensible to interpret the molecular
genetic data within the context of the family
being studied, modifying the estimated risks on
the basis of the clinical outcome in other fam-
ily members and the muscle mutation load of
other family members.

INHERITANCE

Although mtDNA deletions themselves are not
transmitted,'” '™ mtDNA duplications may be
transmitted from mothers to offspring.'” '™
The duplications themselves are not
pathogenic,'” but they predispose to deletion
formation." It should be stressed that mtDNA
duplications are rare, but a female harbouring a
mtDNA duplication may thus have an affected
child who also harbours a pathogenic mtDNA
deletion.

MtDNA point mutations are also inherited
down the maternal line.” For the homoplasmic
mutations associated with LHON, extensive
pedigree analyses have characterised the risks
of blindness in maternal relatives.'®' ' How-
ever, for heteroplasmic mtDNA point muta-
tions such as those that cause MELAS and
MERREF, the situation is more complex. For
these diseases, the outcome of pregnancy is
dependent both upon the amount of mutant
mtDNA transmitted to the oocyte and the
segregation of mutant genomes during devel-


http://jmg.bmj.com

432

opment. On average, one would expect moth-
ers with high levels of mutant mtDNA to
transmit high levels of mutant mtDNA to their
offspring. However, analysis of the transmis-
sion of the heteroplasmic mtDNA mutations
has shown that a simple correlation is not
obtained, and that there is a high variability in
the mutation load among offspring. A major
contribution to this high variability in mtDNA
transmission is a restriction/amplification event
(called a “bottleneck” by some authors) that
occurs during oogenesis.”’ Although there have
been recent advances in our understanding of
the “bottleneck”,’® it is unlikely that the
resulting simple mathematical models will be
of any practical use in the clinic.'® In the first
place, the theoretical “bottleneck” size is
calculated from the level of mutant mtDNA in
the blood of a mother and her offspring. For
the reasons outlined earlier, the level of mutant
mtDNA in blood may change with time, and
therefore it may not directly reflect the level of
mutant mtDNA in the oocyte. Variation in the
level of mutant mtDNA in blood may give the
impression of an excessively tight “bottleneck”.
Secondly, bottleneck models predict that the
range of possible outcomes of a pregnancy is
huge. For any female, she would be predicted
to have offspring harbouring either very low or
very high levels of mutant mtDNA.

It is clear that we have a great deal to learn
about the mechanism of inheritance of
mtDNA mutations and their segregation.
Although the “bottleneck” hypothesis may
describe the events occurring in vivo, the fine
details need to be determined and reliable
genetic counselling will only be possible when
we have a much more complete understanding
of the processes involved in the inheritance,
segregation, and expression of mtDNA defects.
It was precisely because of these uncertainties
that we took a different approach to the prob-
lem. Without making any assumptions about
mechanism, we studied a large group of moth-
ers who harbour the A3243G MELAS and
A8344G MERRF mutations.” It was found
that higher levels of mutant mtDNA in the
mother’s blood were associated with an in-
creased frequency of affected offspring, but
that the inheritance pattern of the two
mutations was different. Although it would
currently be unwise to use these data for
genetic counselling, the results clearly indicate
that the level of maternal mutant mtDNA is
important in determining the frequency of
clinically affected offspring. With the acquisi-
tion of prospective data, it should be possible to
improve the genetic advice we give to females
in the future.

PRENATAL DIAGNOSIS
The complexities of mtDNA segregation cause
difficulties with prenatal diagnosis. For exam-
ple, the level of mutant mtDNA in a chorionic
villus sample (CVS) may be different from the
level in the fetus. In isolated cases, the level of
mutant mtDNA has been uniformly distrib-
uted throughout the fetus, which suggests that
a chorionic villus sample might give useful
information.'® ¥ However, at present we know
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little about how the level of mutant mtDNA
might change during development, and it will
be some time before we know whether the
mutation load in the CVS provides clinically
useful information.

As far as mtDNA point mutations are
concerned, in our experience, mutant mtDNA
can be detected in at least some tissues of
almost every offspring of a female who
harbours a pathogenic mutation, and CVS is
thus likely to be positive for all pregnancies of
an affected female. At present, we do not know
the long term implications of a CVS hetero-
plasmy measurement, and it would be unwise
to counsel purely on this basis. Further studies
must be done in this area, but there are consid-
erable ethical difficulties with a procedure that
is not without risk.

PHARMACOLOGICAL THERAPY

At present, we have no effective disease modi-
fying treatment for mtDNA disease.'*® Various
vitamins and cofactors have been used, and
varying degrees of success have been reported
in individual cases."** "' The small clinical trials
that have been carried out have not shown a
consistent clinical effect,'”” but, because drugs
such as ubiquinone (CoQ10) are relatively free
of side effects, there is a rationale for their use
in individual cases. In our experience, many
patients report a modest improvement, but this
is not sustained, suggesting a substantial
placebo component to their response.

NOVEL TREATMENT STRATEGIES

Previous attempts at drug or metabolic therapy
for mitochondrial diseases have not been
encouraging. A moderate degree of exercise
has been shown to improve exercise tolerance
and muscle metabolism, and this should be
recommended to patients with mtDNA
disease,'”” and some recent laboratory research
suggests that real progress may be possible in
the near future. Recent in vitro work has shown
that sequence specific peptide nucleic acids can
inhibit the replication of mutant mtDNA.**
These novel antigenomic molecules can be
delivered into human mitochondria in culture,
and potentially they may correct a mitochon-
drial genetic defect in vivo. Secondly, muscle
satellite cells are the quiescent precursors of
mature skeletal muscle and they contain low
levels of mutant mtDNA. The induction of
focal muscle cell necrosis induces satellite cell
proliferation. In two patients with a mitochon-
drial myopathy, the subsequent proliferation of
satellite cells led to the repopulation of a small
region of skeletal muscle with mature muscle
that harboured low levels of mutant mtDNA
and with normal mitochondrial function.'”” **

Conclusion

In this review, we have outlined the common
clinical presentations of mtDNA disease, high-
lighting the importance of a structured, inte-
grated approach to the investigation of these
patients. We have discussed what the diagnosis
means for the person and described some of
the difficulties in giving prognostic advice and
genetic counselling. Over the last five years,
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there has been a vast increase in our under-
standing of mtDNA disease. This progress has
been paralleled by some advances in the
clinical management of these patients. How-
ever, by the time we come to investigate
patients with mtDNA disease, neuronal loss is
often extensive and it is unlikely that we will be
in a position to reverse the damage that has
already been done. In addition, because the
level of mutant mtDNA may change with time,
it is crucial that we come to understand the
mechanisms leading up to the clinical presen-
tation. Although a contentious issue, it is
therefore essential for us to study these people
before they develop symptoms and signs. In
this way, we will eventually be able to give more
accurate prognostic information to subjects
looking for a presymptomatic diagnosis, and it
will be particularly important if we are going to
develop disease modifying therapies which
prevent the onset of neuronal loss.
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